ALIS Corporation has developed a new helium ion microscope which has many advantages over both traditional scanning electron microscopes ͑SEMs͒ and focused ion beams ͑FIBs͒. This new technology is expected to produce an ultimate focused spot size of 0.25 nm. This high resolution is attributed to the high source brightness ͑B Ͼ 4 ϫ 10 9 A/cm 2 sr͒, low energy spread ͑⌬E / E ϳ 2 ϫ 10 −5 ͒, and small diffraction effects ͑ ϳ 80 fm͒. The interaction of helium ions with matter offers several valuable contrast mechanisms and a surface interaction volume which is much smaller than a SEM or conventional FIB.
I. INTRODUCTION
The present scanning electron microscopy ͑SEM͒ technology suffers from several performance limitations. Under many circumstances, the image resolution is usually limited by the sample interaction volume rather than the actual focused spot size. Further, the best attainable spot size is a compromise between the adverse effects of diffraction and chromatic aberration ͑see Fig. 1͒ . These effects can be minimized by choosing a larger beam energy, but invariably this degrades the image resolution due to the increased sample interaction volume. Using a gallium ion beam for microscopy is an appealing alternative since the larger mass makes the diffraction effects much less. However, the large energy spread of a typical LMIS produces a substantial chromatic aberration at normal operating conditions. Also, the gallium focused ion beam ͑FIB͒ has a considerable disadvantage due to the sputtering of the sample 1 and the permanent implantation of metal atoms.
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II. ALIS HELIUM ION SOURCE
In the past three decades, there have been substantial efforts to develop a high brightness and monochromatic source of noble gas atoms. A recent summary of these efforts and their limitations can be found in the literature.
3 The properties of high brightness and low energy spread are desired so that the beam of ions can be focused to the smallest possible probe size on the sample. The choice of noble gas atoms is to minimize any chemical, electrical, or optical alteration of the sample. Helium is singularly valuable because of the additional benefit of negligible sputtering and its rapid diffusion out of the sample.
The ion source developed at ALIS Corporation is best introduced by comparison with a related technology, the field ion microscope ͑FIM͒. The FIM ͑Fig. 2͒ was developed over 50 years ago by Erwin Müller and provided the first direct observation of the arrangement of atoms in matter. The FIM consists of a cryogenically cooled metal needle which has been sharpened to a radius on the order of 100 nm. The needle is biased positively relative to an opposing extractor electrode. With a sufficiently sharp needle, only modest voltages are required to produce field strengths as large as 4 V / Å at the sharpest points on the needle. At this field strength, any asperities are field evaporated from the bulk, leaving the end form in a roughly spherical shape ͑Fig. 3͒. With the voltage somewhat reduced, a small quantity of an imaging gas is admitted in the vicinity of the needle. The neutral gas atoms are polarized by the large electric field and are accelerated towards the needle. Immediately above the most protruding atoms, there is a disk shaped region in which the field is strong enough to permit quantum mechanical tunneling of the electrons into the needle. As the neutral gas atoms pass through these ionization disks, they become positively charged and are immediately accelerated away from the needle and directed to a phosphor or other imaging device. The resulting image ͑Fig. 4͒ indicates the crystallographic arrangement of atoms on the roughly spherical needle shape. In fact, the FIM image represents many hundreds of ion beams-all of which share the limited supply of the imaging gas.
The ALIS helium ion source is built upon this FIM technology. Initially, the end form of the needle is roughly spherical in shape as above. This end form is manipulated until it assumes the shape of a three sided pyramid, as shown in Fig. 5 . With this shape, the electric field is concentrated at the apex of the pyramid, so the field ionization takes place predominantly at the topmost atoms. The most stable form of the pyramid apex consists of a set of three atoms referred to as a trimer. The fixed total helium supply is then shared by these three atoms instead of the hundreds of atoms in the FIM image. Consequently, the emission per atom is increased by over two orders of magnitude. The FIM image of the corresponding emission pattern is shown in Fig. 6 . One atom of the trimer is selected to produce the beam for the helium ion microscope, while the beams from the other two atoms are directed to a beam dump.
The manipulation of the end form of the needle to produce the pyramidal shape is a proprietary process. The process can also be reversed to return back to the roughly spherical end form. Each of these processes can be done a͒ Electronic mail: jnotte@aliscorporation.com in situ and requires just a few minutes. The repeatability of these processes is such that a single source can be operated for many months of long term usage. Over shorter time scales, the beam current is stable to within 1% over the typical time to acquire an image ͑ϳ30 s͒.
The energy spread of the emitted ion beam has been measured by the authors to be less than 1 eV. The upper bound is determined by the quality of our spectrometer. Other researchers have measured the full width at half maximum energy spread to be between 0.25 and 0.50 eV.
4,5 This low energy spread in conjunction with the typical beam energies used gives ⌬E / E ϳ 2 ϫ 10 −5 . In comparison, gallium FIBs and low voltage SEMs have much larger ⌬E / E and hence are more susceptible to chromatic aberrations.
Our value for the source brightness is based on an estimate of the virtual source size. The fact that the atoms are clearly discernable in the FIM image indicates that the actual ionization disks are smaller than the atomic spacing. The virtual source size, as determined by backtracking the ion trajectories, is smaller still. For calculation purposes we use a virtual source diameter of 3 Å, which may represent an upper bound. With a 20 kV extraction voltage, we measured the angular current density to be 2.5 A / sr. From this, and our estimated virtual source size, we calculate a brightness of 4 ϫ 10 9 A/cm 2 sr. This brightness is about two orders of magnitude better than a Schottky electron emitter and three orders of magnitude better than a gallium LMIS.
The emission current per atom reaches a maximum value for a specific extraction voltage, as shown in Fig. 7 . At lower voltages, the imaging gas is not sufficiently polarized and hence is not effectively drawn into the needle region. At higher voltages, more atoms begin emitting and they each share in the limited gas supply, so the emission per atom is reduced. The extraction voltage corresponding to the peak angular intensity is normally chosen. Beyond the extractor, the ion beam energy may be subsequently increased or decreased desired, the pressure of the imaging gas can be increased or decreased. ͑Note the relative simplicity of this method in contrast to a standard SEM or FIB which requires changes to the physical apertures and optical elements.͒ The beam current is linear with gas pressure over at least three orders of magnitude, as shown in Fig. 8 . Images have been taken with currents as low as 1 fA by simply reducing the helium gas pressure.
III. HELIUM ION MICROSCOPE
The ALIS helium ion microscope resembles a SEM in its general architecture with just a few minor alterations. The ion source provides a beam which is focused, apertured, and scanned over the sample. The convergence angle is typically five times smaller than a SEM, so the depth of field is correspondingly five times larger under the same conditions. Compared to the SEM ͑Fig. 1͒, the diffraction curve is over two orders of magnitude smaller, and the chromatic is at least five times smaller. Correspondingly, the best focused spot size is predicted to be 0.25 nm.
IV. SAMPLE INTERACTION AND IMAGE FORMATION
The helium ion microscope images can be constructed from a variety of available signals from several detector options. Most commonly, the chosen signal is from the secondary electrons ͑SEs͒. The SE yield for incident helium ions ranges from 3 to 10 for various materials, so the SE images exhibit low noise and good material identification compared to a SEM. Figure 9 shows an example of a SE image from the helium ion microscope ͑left͒ versus the SE image from a traditional SEM ͑right͒. The SE yield is also proportional to sec͑␣͒, where ␣ is the angle of the incident beam relative to the sample normal, so the images show the usual topographic cues which make SEM images easy to interpret. Because the 
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SEs in the helium ion microscope are generated almost exclusively from the primary beam, they contain rich information about the surface chemistry. This is in contrast to SEM images which typically show deeper information due to the large fraction of SEIIs which are created from backscattered electrons.
In addition to SE images, images may be constructed from the helium ions which have scattered off the more massive target nuclei. The total abundance of such ions ͑referred to as Rutherford backscattered ions or RBIs͒ is proportional to the scattering cross section, which is proportional to the square of atomic number of the target atoms. This provides a valuable method of distinguishing various materials and roughly ordering them by atomic number. Figure 10shows a copper subsurface which has been erupted to the silicon surface by a laser pulse. A more precise identification of the target material can be made by a method similar to the established surface science technique of Rutherford backscatter spectroscopy. This method uses an energy selective detector at a prescribed angle. Together, the scattering energy and scattering angle allow the precise determination of the mass of the target atoms.
Several other applications of the helium ion microscope are also possible. In addition to the SE and RBI images, we have been able to generate images from emitted photons. And for prethinned samples we have been able to operate in transmission modes analogous to transmission electron microscopy ͑TEM͒ and scanning TEM.
V. CONCLUSION
A helium ion microscope has recently been developed based upon a new type of gas field ionization source. The source has the desirable properties of high brightness and low energy spread and is ultimately expected to produce images with 0.25 nm resolution. Images produced from secondary electrons provide rich surface sensitive information as well as topographic information. Images produced from scattered ions provide primarily material information. 9 . ALIS SE image ͑left͒ vs standard SEM SE image ͑right͒. Note the drastically different contrast mechanisms that make different materials easy to distinguish. In both cases the image is constructed from low energy ͑Ͻ10 eV͒ secondary electrons. The SEM image was acquired with a 5 keV electron beam energy while the ALIS image used a 20 keV helium beam.
FIG. 10. ALIS image constructed from RBIs. The feature was created by a laser which has erupted some of the underlying copper to the silicon surface. Note how material contrast between the copper and the silicon is evident.
